This study investigates the diabetes-associated alterations present in cardiac mesenchymal cells (CMSC) obtained from normoglycemic (ND-CMSC) and type 2 diabetic patients (D-CMSC), identifying the histone acetylase (HAT) activator pentadecylidenemalonate 1b (SPV106) as a potential pharmacological intervention to restore cellular function. D-CMSC were characterized by a reduced proliferation rate, diminished phosphorylation at histone H3 serine 10 (H3S10P), decreased differentiation potential, and premature cellular senescence. A global histone code profiling of D-CMSC revealed that acetylation on histone H3 lysine 9 (H3K9Ac) and lysine 14 (H3K14Ac) was decreased, whereas the trimethylation of H3K9Ac and lysine 27 significantly increased. These observations were paralleled by a downregulation of the GCN5-related N-acetyltransferases (GNAT) p300/CBP-associated factor and its isoform 5-a general control of amino acid synthesis (GCN5a), determining a relative decrease in total HAT activity. DNA CpG island hypermethylation was detected at promoters of genes involved in cell growth control and genomic stability. Remarkably, treatment with the GNAT proactivator SPV106 restored normal levels of H3K9Ac and H3K14Ac, reduced DNA CpG hypermethylation, and recovered D-CMSC proliferation and differentiation. These results suggest that epigenetic interventions may reverse alterations in human CMSC obtained from diabetic patients.
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In recent decades, in association with the progressive increase of the average population age in western countries, type 2 diabetes (T2D) and its complications have gained worldwide relevance. It is now evident, in fact, that age, lifestyle, and behavioral factors play a pivotal role in the determination of T2D risk, reinforcing the indication of T2D as a metabolic disorder conditioned by genetic and environmental factors (1) .
The most common complications of diabetes include acidosis, micro-and macrovascular angiopathy, atherosclerosis, neuropathy, retinopathy, and kidney disease (2) . Cardiovascular accidents, however, represent a growing cause of death for diabetic patients. Several recent studies, in fact, indicate that the mortality risk in diabetic patients who have an acute myocardial infarction is about double that of normoglycemic patients (3) .
b-Blockers, thrombolytic agents, aspirin, ACE inhibitors, and lipid-lowering drugs are the most commonly used therapeutics for the treatment of diabetic patients who sustain an acute myocardial infarction. During the acute cardiac event, metabolic control is also considered of major importance because of the increase in fatty acid metabolism that may compromise glycolysis in ischemic and nonischemic areas, further worsening cardiac function (4) .
Accordingly, a growing body of evidence suggests that T2D alters cellular functions, including those of adult stem cells (5, 6) . For instance, circulating endothelial progenitor cells, essential in vasculogenesis, wound healing, and for the revascularization of the ischemic heart, are compromised in their regeneration potential (7) . As well, cardiomyocytes and cardiac vascular cells appear all functionally impaired after the onset of diabetes (8) .
We recently characterized a human cardiac-specific mesenchymal cell (CMSC) population isolated from the cardiac auricles (9) of donor patients undergoing surgery for coronary artery bypass grafting (CABG) (9) . These cells revealed the presence of typical mesenchymal surface markers (10) , the ability to differentiate along the osteogenic, adipogenic, and vasculogenic lineages, and when injected in a rat infarcted heart, they contributed to the formation of vessels and new cardiomyocytes (9) . Under chemically controlled conditions, these cells could be epigenetically reprogrammed to obtain functionally competent cardiovascular precursors with electrophysiology, gene expression, and microRNA profile similar to that of cardiomyocyte progenitors (11) . Noteworthy, during the progress of these studies, we found that CMSC obtained from diabetic patients (D-CMSC) had a lower proliferation rate and failed to reprogram, suggesting the presence of a functional impairment (11, 12) .
In this report, we describe epigenetic alterations, predominantly characterized by histone hypoacetylation and DNA hypermethylation at promoter CpG islands, detectable in T2D-derived human CMSC. These defects were associated with a reduced proliferation and differentiation potential. Remarkably, the histone acetylase (HAT) activator pentadecylidenemalonate 1b (SPV106) (12), known to accelerate wound healing (13) , rescued the epigenetic defects and restored a nearly normal chromatin structure and CpG methylation of cell cycle and DNA repair genes with a significant rescue in proliferation and differentiation. These results provide the first evidence that a targeted epigenetic intervention may restore function in adult cardiac stromal cells from T2D patients.
RESEARCH DESIGN AND METHODS

Patients
The current study enrolled 22 patients (see Supplementary Table 1 ) undergoing CABG or angioplasty. Clinical information collected for each patient included age, sex, diabetes onset, postischemia heart revascularization, and medical treatments before surgery (see Supplementary Table 2 ). All patients were enrolled after ethical committee approval and signed informed consent. Investigations were conducted according to the principles expressed in the Declaration of Helsinki. Data were analyzed anonymously.
CMSC Isolation and Culture
CMSC from normoglycemic donors (ND-CMSC) and diabetic donors (D-CMSC) were isolated from the right auricles of the patients and cultured in growth medium, as previously described (9) .
Western Blot Analysis
ND-CMSC and D-CMSC cell extracts were prepared as described previously (9) . Briefly, proteins were resolved by SDS-PAGE, transferred onto nitrocellulose membrane (BioRad), and incubated overnight at 4°C with the antibodies listed in Supplementary Table 3 . Each filter was reprobed with anti-b-actin or antihistone H3/antihistone H4 to verify equal protein loading. Densitometry was performed by National Institutes of Health image software.
Quantitative Real-Time PCR RNA isolation was performed with TRIzol (Invitrogen). cDNA synthesis was prepared with a High-Capacity cDNA Archive kit (Applied Biosystems). Quantitative PCR (qPCR) was performed with the ABI Prism 7500 and 7900HT Fast Real-Time PCR instruments (Applied Biosystems) using SYBR Master Mix (Applied Biosystems) with evaluation of dissociation curves. mRNA levels of each gene were quantified using the standard curve method (5 log dilutions in triplicate) and expressed relative to housekeeping 18S rRNA and/or b-actin genes. Predesigned TaqMan primers and probe (Applied Biosystems) specific for b-actin and 18S rRNA, and the following custom-designed primers were used: hBRCA1 forward (F) 59-CCACTCAGCAGAGGGATACCA-39; hBRCA1 reverse (R) 59-TTATGATGGAAGGGTAGCTGTTA GAA-39; hBRCA2 F 59-TCAGCTTACTCCGGCCAAAA-39; hBRCA2 R 59-ACGATATTCCTCCAATGCTTGGT-39; hTP53 F 59-GCCTGAGGTTGGCTCTGACT-39; hTP53 R 59-CCATGCAGGAACTGTTACACATG-39; hCCNF F 59-GCGTCTTGAGCCTCCATAAGAA-39; hCCNF R 59-CACGGCGGTCAGAGAGACTT-39; hCCNA1 F 59-GTACTTGAGGCGACAAGGAGTGT-39; hCCNA1 R 59-GTAGACTCAGCTCTGCTACGTACTTAGC-39; hCCNB1 F 59-TGTCTCCATTATTGATCGGTTCA-39; hCCNB1 R 59-CCAACCAGCTGCAGCATCT-39; PCAF F 59-CCGTGAAGAAAGCGCAACTAC-39; PCAF R 59-AGACTCCTCGGCCTTGCA-39.
PCR Array Profile
Total RNA was extracted using the RNeasy Mini kit (Qiagen, Toronto, Ontario, Canada). cDNA was synthesized from 1 mg of RNA with SuperScript III first strand synthesis (Life Technologies) in a 20-mL reaction volume. Primers were spotted in a plate from SABiosciences for epigenetic enzymes modifying chromatin, and real-time PCR was performed on Applied Biosystem ABI 7900 using SYBR Green ROX qPCR Mix (Qiagen). Quantification of gene expression was assessed with the comparative cycle threshold (Ct) method.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed with ChIP-IT Express Enzymatic kit (Active Motif) according the manufacture's instruction using specific antibodies to histone H3 lysine 9 (H3K9Ac) and H3 lysine 9 monomethylation (H3K27me3; Abcam). Negative control was absence of antibody (noAb). DNA fragments were recovered and analyzed using quantitative method based on real-time PCR as described (14) by using the following primers:
hCCNA1 F 59-GACAGGTTCCACGAACAAACAC-39; hCCNA1 R 59-GAAACCTCACGCCCTTTTCC-39; hCCNB1 F 59-GGCAGAGGAGAGCAAGGGTAA-39; hCCNB1 R 59-TGGATCGTTATTGAGTCTTCTGTCA-39; hCCNF F 59-CTTCTCTGAATGTGGGATTTCTCA-39; hCCNF R 59-GGTGTCGGTTGAAAACGTTATG-39; hBRCA1 F 59-CGTTGTCACCTCGCATTCTG-39; hBRCA1 R 59-GGACCGAGTGGGCGAAA-39; hBRCA2 F 59-CCCATGGGAGCAACTCTCA-39; hBRCA2 R 59-CCGAATTCGTTGGTTCTGTAACA-39; hTP53 F 59-TGAAAGCACTGTGTTCCTTAGCA-39; hTP53 R 59-TCGGAAGGTGGACCGAAAT-39.
DNA Methylation Profiler and Methyl-DNA Immunoprecipitation Assay
Genomic DNA was extracted with DNeasy Blood and Tissue Kit (Qiagen) and 1,000 ng of DNA was used in the Methyl-Profiler DNA Methylation PCR Array System, specific for Cell Cycle (no. cat 335211 SABiosciences). Genomic DNA was digested with methylation-sensitive and methylation-dependent enzymes, as described in the protocol. The assay was performed following manufacturer's instructions supplied by the kit. Real-time PCR was executed with specific cycling conditions as indicated in the manual. Data analysis was conducted following the instructions of the SABiosciences Web site (http://www .sabiosciences.com/methylationdataanalysis.php). DNA for the methyl-DNA immunoprecipitation (MeDIp) assay was prepared from cross-linked chromatin, as previously described (15) . Purified DNA (500-800 ng) was denatured and methylation analysis performed with MeDIP kit (Active Motif), according the manufacturer's instructions, using a specific monoclonal antibody to 5-methylcytosine or mouse IgG as the negative control. Methylated DNA was analyzed by PCR using the primers listed above.
HAT Activity
For each sample, 80 mg was used for the determination of HAT activity. The assay was performed following the manufacturer's instructions (BioVision).
Acidic b-Galactosidase Assay
Senescence-associated acidic b-galactosidase was assayed following the manufacturer's instructions (Cell Signaling Technology).
Matrigel Tube Formation Assay
Matrigel (200 mL) was placed on 24-well plates and incubated at 37°C for 1 h. Then, 5 3 10 4 cells were plated on Cultrex and incubated for 1 to 7 h. Capillarylike structure density was examined by phase-contrast microscopy.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 10 min. Blocking buffer (BSA at 5% in PBS solution) was added for 1 h at room temperature. Primary antibodies H3K9Ac and H3K27me3 were incubated overnight at 4°C in a moisture chamber. Nuclei were counterstained by DAPI. Images were collected with an Axio Observer Z1 microscope equipped with the ApoTome deconvolution system and AxioVision software (Zeiss). Samples for confocal analysis were analyzed by using a Zeiss LSM 510 Meta Confocal Microscope with original magnification 340 or 380. Laser power, beam splitters, filter settings, pinhole diameters, and scan mode were the same for all examined fields of each sample. Negative immunofluorescence control was performed using normal rabbit or mouse IgG instead of the specific rabbit or mouse primary antibody.
Extracellular Flux Analysis
Kinetic metabolic profiling was done in real time by the fully integrated 96-well Seahorse Bioscience XF e 96 Extracellular Flux Analyzer (North Billerica, MA) by using the XF Cell Mito Stress Test Kit (Seahorse Bioscience, part # 102308-400) for determination of the oxygen consumption rate as a surrogate for mitochondrial respiration and the XF Glycolysis Stress Test Kit (Seahorse Bioscience, part # 102194-100) to determine the extracellular acidification rate for determining glycolytic capacity of the cells. CMCS (3 3 10 5 ) were seeded for 3 h at 37°C in a XF96 Polystyrene Cell Culture Microplates (Seahorse Bioscience, part # 101085-004) in growth medium (20% Iscove's modified Dulbecco's medium). After 3 h, the cells were washed with basal Dulbecco's modified Eagle's medium and cultured for 1 h at 37°C without CO 2 in mito and glycolysis stress assay media, as from the manufacturer described (Seahorse Bioscience). Afterward, metabolic profiles were determined by adding oligomycin (2 mmol/L), carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP; 2 mmol/L), antimycin (2 mmol/L) and rotenone (1 mmol/L) for the oxygen consumption rate, and glucose (10 mmol/L), oligomycin (1 mmol/L), and 2-DG (1 mol/L) for the extracellular acidification rate. Data are presented as mean 6 SEM of five ND-CMSC and four D-CMSC (P # 0.05), determined by the Student t test.
Statistics
Statistical analysis was performed using ANOVA or the Student t test. P # 0.05 was considered significant.
RESULTS
Isolated ND-CMSC and D-CMSC Show Distinct Proliferation Rates
CMSC were isolated from the auricles of normoglycemic and T2D patients, as previously described (9), and cultured in mesenchymal medium (9) . The presence of mesenchymal markers including CD29, CD105, and CD73 and the absence of CD45, CD34, CD14, CD19, and HLA-DR was verified by fluorescence-activated cell sorter analysis, and no significant differences were noted between cells obtained from diabetic and normoglycemic patients (data not shown). A total of 22 CMSC strains were obtained from 11 ND-CMSC and 11 T2D patients (D-CMSC, see Supplementary Table 1 ). During the progress of this work and in consequence of their different growth rate, not all cell isolates could be analyzed in the experiments. All 22 strains were assayed for proliferation, and 8 ND-CMSC and 8 D-CMSC were analyzed for DNA methylation (see below). A variable number, ranging from two to six independent randomly chosen cellular strains from each patient group, was used in Western blot, senescence differentiation, gene expression, chromatin immunoprecipitation (ChIP) or MeDIp. Cells were cultured up to passage 8, and each experiment was repeated three times, with the exception of ChIP experiments, which were performed in double on two different cell groups in consequence of the limited sample availability.
D-CMSC evaluated at 3, 7, and 14 days of ex vivo culture showed reduction in growth of ;1.9-, 2.7-, and 3.5-fold compared with controls (Fig. 1A) . In addition, D-CMSC had a flattened and elongated morphology and were positive for acidic b-galactosidase evaluated after 7 days of culture (Fig. 1B) . To investigate whether the expression of cell cycle control elements was altered, protein level analysis was performed on different proliferation associated markers, including the proliferation cell nuclear antigen (PCNA) (16) ; the phosphorylation status of serine 10 on histone H3 (H3S10P), a posttranslation histone modification often associated with proliferating cells; the relative abundance of histone H3.3, a marker of active cell cycle S phase (17) ; and p21
wa61 , a molecule involved in the negative regulation of cell cycle progression and in the onset of senescence (18) . ND-CMSC and D-CMSC expressed a similar level of PCNA, but D-CMSC revealed a significant decrease in H3S10P (Fig. 1A and C) . Moreover, the histone variant H3.3 was detectable only in ND-CMSC, further supporting the evidence that reduced proliferation occurred in D-CMSC (Fig. 1C) . These modifications were paralleled by an increase in p21 wa61 and acidic b-galactosidase signals, underlying the onset of premature senescence in these cells (19) . We previously reported that a designed epigenetic cocktail (EpiC) made of retinoid, phenylbutyrate, and a nitric oxide donor (11) induced a cardiac precursors-like phenotype in CMSC stimulating the expression of early cardiovascular markers. During the progress of the present work, a series of experiments were performed to explore D-CMSC versus ND-CMSC differentiation potential in response to EpiC (11) . ND-CMSC upregulated cardiac stem cells markers, including c-Kit, KDR, and MDR-1 (17) . D-CMSC, however, dramatically failed to do so (Fig. 2B) .
Cultrex assay (Fig. 2C ) was performed to evaluate CMSC vessel-like structure formation as an in vitro readout of their angiogenic potential. This property was significantly impaired in D-CMSC compared with ND-CMSC (average [SD] number of branches/field was 3.4 6 0.7 for ND-CMSC and 0.9 6 0.3 for D-CMSC).
Chromatin Landscape Discriminates Between ND-CMSC and D-CMSC
Experiments aimed at exploring the chromatin landscape characterizing ND-CMSC and D-CMSC, were performed on the tails of histones H3 and H4. Several characterizing modifications were identified. Specifically in D-CMSC, an increase in H3K9Ac trimethylation (H3K9Me3) paralleled by a decrease in H3K9Me (Fig. 3A) and H3K9Ac and H3K14Ac was observed (Fig. 3B) . These modifications are often associated with a closed chromatin structure less accessible to transcription factors and leading to gene repression. To further explore this possibility, we extended our evaluations to a larger number of histone modifications, including the Polycomb-dependent histone H3 repressive modification determined by the trimethylation of H3K27me3. H3K27me3 significantly increased in D-CMSC, as assessed by Western blot (Fig. 3A) . Confocal 1B and Supplementary Fig. 3A) .
Further histone code analyses showed a decrease in histone H4 lysine 16 acetylation (H4K16Ac) in D-CMSC, suggesting a generalized reduction in the activity of those enzymes deputed to lysine acetylation and chromatin opening (Fig. 3D) . In these experiments, we found no significant differences in the monomethylation of histone H4 lysine 20 (H4K20Me), often associated with opened and accessible chromatin, whereas the trimethylation of H4 lysine 20 (H4K20Me3) was significantly increased (Fig. 3D) . Of note, this specific histone modification is often enriched at pericentric heterochromatin, at imprinted genomic regions, and near intracisternal A-particle retrotransposons, commonly demarking constitutive heterochromatin (19) . A: H3 modifications on lysine (K) 9 and 27: specifically H3K9Me, H3K9Me2, H3K9Me3, H3K27me3. B: H3 modifications on K9 and K14: specifically H3K9Ac, H3K14Ac, pan H3Ac. C: H3 modifications on K4: specifically H3K4Me, H3K4Me2, and H3K4Me3. D: H4 modifications on K16 and 20: specifically H4K16Ac, H4K20Me, and H4K20Me3. The same filter was probed with antitotal histone H3 or H4, respectively, to show equal nuclear protein loading. Band density is depicted on the right (n = 5 for each group). Each Western blot has been repeated twice in duplicate. **P # 0.01, *P # 0.05; A.U., arbitrary units; NS, not significant.
Epigenetic Enzymes Are Differentially Expressed Between ND-CMSC and D-CMSC
In association with the histone code modifications, the expression of a number of relevant epigenetic enzymes was examined. Figure 4A shows that the mRNA levels of Aurora B and C kinases, involved in cell cycle progression, were decreased ;10.8-and 5.7-fold, respectively, in D-CMSC compared with ND-CMSC. This observation may explain the reduced proliferation rate observed in D-CMSC and shown in Fig. 1A . Coincidently, in D-CMSC the mRNA level of histone demethylase jmjd3 and the GNAT acetylases GCN5 and p300/CBP--associated factor (PCAF) were downregulated, about 4.7-, 2.3-, and 2.5-fold. respectively. Class I, II, and III histone deacetylases were unchanged (data not shown). Accordingly, total histone deacetylases activity was similar in HUVEC with or without high glucose (Supplementary Fig. 3D ). On the contrary, histone methylases Suv420H1 (involved in H4K20 methylation), SETD-7, and the methyl CpG binding protein-2 (MBD-2) were upregulated about 3.9-, 2.1-, and 2.4-fold, respectively, in D-CMSC compared with ND-CMSC (Fig. 4A) . Protein level analysis further confirmed the increase of MBD-2 and that of heterochromatin protein-1 (HP-1), whereas PCAF and GCN5a were reduced in D-CMSC protein extracts (Fig. 4B) .
The proacetylation compound SPV106 has been described as an activator of the GCN5A/PCAF members of the GNAT family (20) and able to promote histone and nonhistone proteins acetylation (12) . In our experiments, D-CMSC were cultured for ;6-8 days in the presence or absence of SPV106 at 25 mmol/L, a concentration established in a prior work (21) . Partial but significant rescue (62 6 5%; P # 0.05) of HAT activity (Fig. 4C ) was achieved, paralleled by an increase in PCAF protein expression (Fig. 4D ). This effect was not associated to a rescue in gene transcription as indicated by the quantitative RT-PCR experiment depicted in Fig. 4E , thus indicating that posttranscription/translation mechanisms may be involved in this process. Total histone deacetylases expression and activity was unchanged (data not shown and Supplementary Fig. 3D ).
Growth Control and DNA Repair Genes Are Hypermethylated in D-CMSC and Rescued by SPV106
The expression of genes known to be associated with proliferation and genome stability was explored at the mRNA level by qRT-PCR. Figure 5A shows, in fact, a significant reduction of BRCA1, BRCA2, p53, cyclin F, cyclin B1, and cyclin A transcripts. Figure 5B and C show representative ChIP experiments performed on two independent groups of CMSC in which the content of H3K9Ac acetylation or lysine 27 trimethylation was explored. The results indicate a consistent reduction of lysine 9 acetylation paralleled by the elevation of lysine 27 trimethylation thus confirming at single gene level, although on a limited number of genomic regions, the observations reported in Fig. 3 . DNA methylation at promoter CpG islands is another important epigenetic modification often associated with histone hypoacetylation, gene repression, and maintenance of a transcription repression state (22) . We investigated the CpG islands methylation of gene promoters associated with cell cycle and DNA repair. Remarkably, several of these promoters, including those of TP53, BRCA1 and BRCA2, CCNB1, CCNF, CDK2, MCM2, and RAD5 were found hypermethylated (Fig. 6A ). These observations suggest that multiple epigenetic modifications take place in D-CMSC involving proliferation and DNA repair genes, although other categories remained unexplored and cannot be excluded. Further investigations are required to elucidate this important point.
DNA hypermethylation of genes associated to proliferation and genomic stability significantly diminished in D-CMSC cultured for 7 days in the presence of SPV106 (Fig. 5A) . Specifically, after SPV106 treatment, the signal intensity from methylated CpG islands in D-CMSC cell cycle gene promoters shifted from 49.0 6 13.9% to 21.4 6 4.8% (P # 0.01), with an average decrease of about 44%. The effect of SPV106 on DNA methylation was further explored at the single gene level by MeDIp. Figure 6B shows that a significant increase in DNA methylation is detectable at the single gene level in cells derived from diabetic patients and that this alteration is reversible after SPV106 treatment. In this condition, the relative gene expression is increased, as shown in Fig. 6C , a phenomenon paralleled by a small but significant increment of H3K9Ac (Fig. 6D) .
This result suggests that histone acetylation and DNA CpG island methylation are in close functional relationship (23) . Alterations of the mechanisms involved in their regulation may contribute to establish epigenetic memory in CMSC.
HAT Activator SPV106 Rescues Proliferation and Differentiation in D-CMSC
In this condition, several histone modifications associated with a chromatin open configuration, in particular H3K9Ac, H3K14Ac (Fig. 7A) , and H4K16Ac (Fig. 7B) , reverted to control level. However, the transcription inhibition markers H3K9Me3, H3K27me3, and H4K20me3 were unaffected, suggesting that the global histone methylation level may be insensitive to this proacetylation compound. Remarkably, D-CMSC recovered their proliferation in the presence of SPV106 (Fig. 7C) , as indicated by cell counting and the increase in H3S10 phosphorylation (Fig. 7A) . Similar evidence was obtained in HUVEC exposed to high glucose where SPV106 treatment induced the acetylation of H3K9 ( Supplementary Fig. 4A and B) , rescuing HAT activity and cell proliferation ( Supplementary Fig. 4C and D) .
In the same condition, SPV106 did not significantly change cellular respiration and glycolysis in ND-CMSC or D-CMSC, although it demonstrated a positive trend in this direction ( Supplementary Fig. 5A-H) . However, the cellular content of ATP was significantly increased in D-CMSC compared with ND-CMSC. Treatment of 7 days with SPV106 normalized ATP levels ( Supplementary Fig. 5I ).
Of note, D-CMSC did not recover adipogenic differentiation (data not shown) in the presence of SPV106, whereas the capillary-like structure formation evaluated by Cultrex assay (Fig. 7D) was significantly restored as in HUVEC (Supplementary Fig. 4E ).
SPV106 Reduces Cellular Senescence and Induces cKit Expression in D-CMSC
The SPV106 compound is known to be active on the PCAF/GCN5a HAT family. To further explore its effects specific primary antibody added in each condition tested. Sonicated and immunoprecipitated fragments were amplified by qPCR using specific primers (see RESEARCH Figure 8A shows that acidic b-galactosidase accumulation was reduced approximately twofold in the presence of SPV106. Garcinol is a natural product known as a potent HAT inhibitor active on PCAF/GCN5a and p300 (24) . It has been recently described to largely reproduce in vivo the cardiovascular phenotype detectable in PCAF knockout mice (24) . We used garcinol on ND-CMSC to evaluate the effect of a reduced HAT activity on these cells. Figure  8B (left) shows that ND-CMSC do not efficiently proliferate in the presence of garcinol, with a shape similar to that of untreated D-CMSC (see Fig. 1A and Fig. 7C) . Moreover, Fig. 8B (right) shows that ND-CMSC exposed to garcinol revealed a significantly higher content of acidic b-galactosidase at the 7-day time point, thus reproducing the senescent phenotype observed in D-CMSC (Fig. 1B  and Fig. 8A ).
The PCAF/GCN5a family contributes to histone and nonhistone protein acetylation. To evaluate this aspect, a Western blotting analysis was performed on ND-CMSC treated with SPV106 or garcinol, its functional counterpart. Figure 8C (left) indicates that SPV106 slightly increases tubulin acetylation, a process counteracted by garcinol. As previously reported (11), ND-CMSC are sensitive to EpiC, whereas D-CMSC are less prone to differentiate in this condition (see also Fig. 2B ). In this work, the effect of garcinol and SPV106 was tested on ND-CMSC and D-CMSC, respectively, in addition to EpiC treatment, and found that cKit expression was enhanced by SPV106 treatment in D-CMSC cells but was abolished by garcinol in ND-CMSC. This result supports the relevance of an optimal level of HAT activity in CMSC during the differentiation process.
DISCUSSION
In the present work, we characterized CMSC obtained from patients with and without diabetes undergoing CABG. CMSC from diabetic patients revealed a reduction in proliferation (3.5-fold less then control patients, on average), possibly reflecting the ongoing acquisition of a premature senescent phenotype associated with a compromised differentiation potential. In light of this evidence, we hypothesized that these cells acquired important epigenetic changes (22) . To explore this possibility, the epigenetic landscape of CMSC was investigated, focusing on cells that could have been exposed to altered metabolic conditions for several years (see Supplementary Table 1 ). In our patient population, in fact, diabetes was diagnosed from 3 to 17 years before the worsening of their cardiac symptoms required cardiac surgery. Epigenetic differences were observed compared with cells derived from normoglycemic control subjects. Specifically, D-CMSC revealed the predominance of transcription repressive markers, including the increase of H3K9Me3, H3K27me3, and H3K20Me3, and a significant decrease of histone modifications (H3K9Ac and H4K16Ac) often associated with an accessible chromatin structure. The evaluation of epigenetic enzymes expression, such as that of GCN5a, PCAF, jmjd3, and HP-1a, highlighted a specific signature associated with D-CMSC, well reproducible in cells isolated from different patients. Remarkably, histone modifications and epigenetic enzymes expression were paralleled by DNA methylation, a modification contributing to gene repression (25, 26) . In light of these findings, we investigated the level of CpG island methylation at cell cycle gene promoters and found a profile consistent with the reduced proliferation rate observed in D-CMSC (27) .
Prior observations indicated that the HAT activator SPV106 was proficient at promoting histone acetylation in normal and physiopathological conditions (23, 28, 29) . In this study, we wished to investigate whether D-CMSC could be sensitive to the increase of histone acetylation levels. In the presence of SPV106, proliferation and differentiation were rescued in most D-CMSC cells. A large number of epigenetic modifications, including histones and DNA methylation, were also significantly normalized. Similar results were obtained in HUVEC exposed to high glucose, as shown in Supplementary Figs. 2, 3 and 4 , indicating that the metabolic environment created by the increase in glucose levels could be involved in the establishment of persistent functional cellular defects in CMSC. Although the limited number of samples analyzed indicated a not significant alteration in cellular respiration and glycolysis in D-CMSC versus ND-CMSC, a positive trend could be assigned to the effect of SPV106 on these two metabolic parameters. Of major interest is the observation that the total ATP content is increased in D-CMSC and that this alteration is prevented by SPV106 treatment. An increased ATP content has been recently associated with the onset of insulin resistance in obese patients as a possible marker of T2D predisposition (11, 30) . Further research will be necessary to investigate the potential metabolic effect of lysine acetylation in the onset of insulin resistance and diabetes. A remarkable result of this study, however, is that the lysine hyperacetylation induced by SPV106 determined a significant modification in DNA methylation level. A growing body of literature indicates that lysine acetylation and DNA methylation are in functional relationship and that increasing acetylation may determine a reduction in methylated DNA content (31, 32) . The recent work of Qian et al. (23) demonstrates that a histone acetyltransferase regulates the level of DNA methylation in Arabidopsis thaliana, inducing acetylation-dependent DNA demethylation. Whether this mechanism is involved in the regulation of cell cycle and DNA repair genes in D-CMSC is still unclear. However, the acetylation-dependent demethylation determined by SPV106 treatment suggests that HATs are involved in this process. Further experiments are required to elucidate this important point.
In conclusion, diabetes alters the metabolic milieu determining long-term changes in the epigenetic landscape with important consequences on cellular function. Targeted epigenetic interventions may contribute to recover the altered chromatin state, indicating new epigenetically based potential therapeutic strategies aimed at ameliorating stem cell performances in diabetic patients and, consequently, counteracting diabetes complications.
